The recognition of the viable but non-culturable (VBNC) state of pathogenic bacteria has brought with it many questions to answer related to the need to detect and quantify viable bacteria in the environment in an accurate way. To assess viability of Vibrio cholerae, we developed a RT-Real Time PCR technique based on differential expression analysis from mRNA deep sequencing data. We compared two induction conditions to achieve the VBNC state: a bacterial suspension induced by artificial seawater at 4
INTRODUCTION
The microbiological quality of water is typically assessed using culture techniques, nevertheless, many concerns have been raised regarding the detection of all of the viable bacteria within a water or food sample due to culture techniques potentially leading to an underestimation of total viable cells in environmental samples, thus posing a risk to public health (Li et al. 2014 ). In addition, there is evidence suggesting that many bacteria enter the viable but non-culturable (VBNC) state as a response to sub-lethal stresses such as extreme temperatures, pH, and low nutrient concentrations, or as a survival strategy adopted when they are introduced into the environment, especially in aquatic ecosystems (Ramamurthy et al. 2014) . There are indications that at least a part of the biofilm populations of pathogenic bacteria persists in this metabolic state in the drinking water distribution system and can serve as environmental reservoirs for pathogenic microorganisms (Wingender and Flemming 2011) . These bacteria may fail to form colonies on artificial laboratory media, although they have been shown to be viable using other methods. They remain infective when tested in vivo, and can return to a metabolically active and culturable state under appropriate circumstances (Oliver 2016) .
The existence of the VBNC state has raised many questions related to the effectiveness of the methods used to detect and quantify viable bacteria. The accuracy and rapidity of these methods are a major contemporary concern.
In order to identify the VBNC state, two major cell attributes should be verified: inability to form colonies on agar plates and cell viability. The first is easy to evaluate, but bacterial viability, which is the most fundamental property of a cell, represents a challenging step. It is not clear how to measure it, as bacteria are not found as single or isolated forms, but as complex populations with physiological diversity due to the presence of microenvironments in a single sample (Cangelosi and Meschke 2014) . Therefore, assessment of viability of bacteria should be based on a combination of different parameters.
Viable bacteria can be defined as cells that retain homeostasis and metabolic activity, even if they can no longer divide over the near term under specific conditions (Cangelosi and Meschke 2014) . There are several methods to detect bacterial viability, some of these methods can detect multiple physiological activities: glucose uptake (2-NBDG), ATP content (bioluminescence), respiratory activity (CTC staining), membrane polarization, membrane permeability (LIVE/DEAD staining, qPCR-PMA) and RNA expression (RT-Real Time PCR). Due to the rapidity and effectiveness, flow cytometry, qPCR and, RT-Real Time PCR are the most accurate techniques used to detect different metabolic states (Bottari et al. 2006; Morishige, Fujimori and Amano 2015; Orta de Velásquez et al. 2016) .
However, qPCR provides only limited information on the physiology of microorganisms in samples and is notoriously poor at differentiating DNA associated with an inactivated cell, or from a free DNA fragment. Furthermore, free DNA can persist in water and sediments for prolonged periods of time; this can distort results, as free DNA has been detected in marine water after 55 days (Nielsen et al. 2007; Seidel, Strathmann and Nocker 2017) . All of these analytes register as 'hits' in PCR, therefore alternative PCR-based strategies have been developed to address this limitation. These strategies include viability PCR (vPCR), which correlates viability with cell envelope impermeability by using propidium monoazide (PMA) dye in combination with qPCR.
Detection of mRNA by RT-Real Time PCR, as opposed to DNAbased methods, is considered a better indicator of cell viability because mRNA species have half-lives measured in minutes compared to the prolonged persistence of DNA (Bleve et al. 2003) , although these results may not be quantitative as with DNA because mRNA expression depends on the metabolic activity of the cells and does not reflect directly the number of cells (Yáñez et al. 2011) . Despite this disadvantage, it is important to state that some mRNA molecules are not transcribed in cells in the VBNC state, and some others are highly up-regulated, these allow us to differentiate between metabolic states, and in particular for this study, the VBNC state.
The emergence of next-generation sequencing (NGS) has created unprecedented possibilities for the characterization of genomes and has significantly advanced our understanding of their organization (Tarazona et al. 2011) . RNA sequencing (RNAseq) is a highly sensitive and accurate NGS tool for measuring expression across the transcriptome of an organism, and can detect from one to numerous copies of RNA per cell (Pinto et al. 2011) . With differential expression analysis it is possible to compare changes occurring in different metabolic states, which enables the precise detection of a particular metabolic state that is being overexpressed. In this research, the RNA-seq assay provided us a list of up-regulated genes particular to the VBNC state of V.cholerae that were induced in artificial seawater (ASW) at 4
• C, and with the addition of the molecule 3',5'-cyclic diguanylic acid (c-di-GMP), a second messenger responsible for the control of many facets of group behavior including biofilm formation as an alternative method to induce the VBNC state (O'Toole and Ha 2015) . Once an up-regulated region of the genome was identified, the RT-Real Time PCR technique was developed to measure the over-expressed region that works as a genetic marker to detect precisely the VBNC state of V. cholerae in water samples. This study aimed to develop an accurate methodology to detect V. cholerae in the VBNC state with a one-step RT-Real Time PCR assay.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Vibrio cholerae O1 biovar El Tor, which was isolated from well water during the 2013 outbreak of cholera in Huejutla Hidalgo, Mexico was used in this study. The strain was sequenced and showed 95% of similarity with the serogroup O1 (El Tor O1) str. N16961. A 100 μL aliquot of over-night culture was inoculated into 50 mL of fresh LB medium in a 250 mL Erlenmeyer flask and incubated at 37
• C with shaking at 150 rev min −1 and growth for 3 h (mid-exponential phase, OD 600 = 0.7) or 5 h (stationary phase, OD 600 = 1).
Conditions inducing the VBNC state
After 3 h of incubation at 37
• C, bacterial cell cultures were harvested by centrifugation at 4 • C and 10 000 rpm for 10 min and the cell pellets were washed twice with 0.85% (w/v) sterile NaCl solution to remove nutrients. Two samples were prepared with the washed cells and were resuspended in a 250 mL Erlenmeyer flask with 50 mL of autoclaved (15 min, 121
• C) ASW that contained (per liter): 28.1 g NaCl, 0.67 g KCl, 1.47 g CaCl 2 -2H 2 O, 2.57 g MgCl 2 , 3.37 g MgSO 4 and 0.18 g NaHCO 3 . The second sample was supplemented with 0.5 mM of c-di-GMP VacciGrade (Invivogen, USA). The final density of both samples was 10 7 cells mL −1 , and they were maintained at 4
• C for 60 days to induce the VBNC state.
Validation of the VBNC state
Validation of the VBNC state was carried out with three qualitative methods to evaluate culturability, viability and resuscitation of the VBNC state. Culturability was monitored in blood sheep (BS) agar plates with 1 mL of the VBNC cell suspension (samples were collected every second to third day during 60 days of incubation in ASW at 4
• C) and incubated for 24 h at 37 • C. When no colonies were found in 1 mL microcosm a revival assay of possible injured bacteria was performed in triplicate. A 10 mL sample was filtered through a 0.22 μm pore size membrane filter (Millipore) and placed on tryptic soy agar (TSA, Difco) supplemented with 1% sodium pyruvate (1 mM) and as described by Lyon (2001) , a salinity requirement of 3% NaCl, to revival V. cholerae from ASW. Bacterial samples were incubated for 24 h at 37
• C, and were considered to be in the VBNC state when growth in the supplemented TSA medium was not observed from 10 mL concentrate (< 0.1 CFU mL −1 ).
To detect viability, we observed the cell membrane integrity using the LIVE/DEAD BacLight bacterium viability kit (Molecular Probes, Invitrogen USA). A mixture of 1.5 μL of each stain, green fluorescent (SYTO 9) and propidium iodide (PI) was prepared for 1 mL of the sample as described by the manufacturer. The intensity of the fluorescent emission was measured every third day in a Versafluor Fluorometer (Bio-Rad, USA), with an emission filter (510/10 nm) and an excitation filter (480/20 nm). For the viability standard curve, freshly recovered bacteria were incubated for 1 h in two suspensions containing either 40 mL of isopropyl alcohol (70%) for dead bacteria, or 40 mL of sterile isotonic saline solution (ISS, 0.85% NaCl) for live bacteria. A mixture of both suspensions was used to create 10 points ranging from viable to non-viable with three replicates of each point as described in the LIVE/dead bacterial viability kit protocol, but due to the varying intensity of fluorescent emissions between experiments a standard curve was developed for each assay.
To test the VBNC state, resuscitation experiments were initiated when no colonies were found in any of the culture media, but positive viability signals were detected. Resuscitation was carried out by incubating 1 mL of the VBNC state cell suspension in 5 mL of nutrient broth with 1%, 3% and 6% NaCl and incubated at 35
• C for 72 h as previously described by Díaz-Quiñonez et al. (2016) . Resuscitation was considered only when growth was observed after recovering culturability and no growth was observed in the control.
Ion Proton high-throughput transcriptome sequencing
RNA extraction
The RNA extraction was performed on three bacterial samples and all experiments were performed in triplicate (two induction conditions and one control experiment with three biological replicates). For each biological sample, total RNA samples were extracted using the RiboPure RNA purification kit (Life Technologies, USA) followed by the MICROBExpress Bacterial mRNA Enrichment kit (Life Technologies, USA). Samples were examined with an Agilent 2100 Bioanalyzer. At least 20 ng of rRNA-depleted total RNA with OD 260/280 > 2.1-2.2 and OD 260/230 = 2.1-2.2 were used for cDNA library preparation. All samples were treated with DNase I (Invitrogen, USA) and amplified by qPCR targeting the cholera toxin (ctxA) gene as described by (Blackstone et al. 2006 ) to ensure DNA contamination was not present in total RNA samples.
cDNA library preparation for transcriptome sequencing Ion Proton sequencing was performed at the National Institute of Medical Sciences and Nutrition 'Salvador Zubirán' (INCMNSZ, Mexico). After removing residual DNA and ribosomal RNA, the mRNA-enriched was chemically fragmented to 100∼200 base pairs. Based on these cleaved RNA fragments cDNA was synthesized to create the final cDNA library by using the RNA-Seq protocol for rRNA-depleted total RNA. Libraries were sequenced in the Ion Proton System and with an Ion Pi chip kit V3.
Differential expression analysis
Image data output from the sequencing machine was transformed into raw reads and stored in FASTQ format. These raw reads were trimmed with Trim Galore software version 0.4.1 (https://www.bioinformatics.babraham.ac.uk/projects/trim galore/) to remove adaptors and low-quality bases. Subsequently, the reads were mapped to reference genome of V. cholerae 01 biovar El Tor str. N16961 using the short read aligner Bowtie2 v2.1.0 (Langmead & Salzberg, 2012) , with the following parameters: -q-end-to-end-sensitive. Differential expression was assessed by NOISeq R-package version 3.5 (normalization function = tmm and q = 0.99) that uses a method based on the negative binomial distribution to detect differentially expressed genes (DEG).
The criterium to select the up-regulated gene was based on the log2FoldChange (log2FC) value resulting from the log-ratio comparison of the gene expression between two different conditions. The higher log2FC value of the induction condition I (ASW at 4
• C) compared with the control experiment (mid-exponential phase bacteria) was selected for the RT-Real Time PCR validation analysis.
RT-Real Time PCR validation analysis
To prove the accuracy of the detection of V. cholerae in the VBNC state a single differentially expressed gene was selected for the quantification of transcript levels by the RT-Real Time PCR technique. As comparative controls, another two primer sets were used to prove the efficiency of the selected gene: the gene encoding ctxA, found in toxigenic V. cholerae strains, and the outer-membrane lipoprotein (lolB) gene (Chua et al. 2011) . Genespecific primers sequences and conditions for the RT-Real Time PCR are shown in (Table. 1 ). Bacterial samples were induced into the VBNC state starting from mid-exponential phase cultures and kept at 4
• C in ASW.
Every second to fifth day a sample was taken, and DNA and RNA were extracted. DNA was isolated from the 200μL aliquots using a NucliSENS easyMag unit (BioMérieux, France) to a final 20 μL extraction, following the manufacturer´s protocol. Total RNA was extracted with the RNeasy Plus mini kit (Qiagen, USA) following the manufacturer´s protocol. To ensure DNA contamination was not present in total RNA samples, these were amplified by qPCR as described by (Blackstone et al. 2006) . Afterwards, cDNA synthesis and amplification were performed in a single step using SuperScript III Platinum One-Step Quantitative RT-Real Time PCR kit (Invitrogen, USA) with the 7500 Fast real-time PCR system (Life Technologies, USA). Quantification of cDNA copies recorded in this study were computed from a standard curve of five points generated from the dilutions of a known DNA sample of V. cholerae and a positive/negative controls. All experiments were performed in triplicate, and their average values were calculated using IBM SPSS Statistics.
qPCR-PMA validation analysis
Comparative analysis to the RT-Real Time PCR results was performed by enumeration of viable cells by qPCR-PMA of the same induced bacterial samples used for the RT-Real Time PCR validation analysis.
Induced bacterial samples were enumerated using PMA (Biotium, USA) combined with quantitative PCR (PMA-qPCR) by counting DNA copies of live cells. Briefly, 200μL aliquots of cells cultured in each induction condition were treated with 20μM of PMA for 20 min in the dark, then exposed to light for 15 min using a 650W halogen lamp (Almagro-Moreno et al. 2015) . Then, DNA was isolated from the 200μL aliquots using a NucliSENS easyMag unit (BioMérieux, France) to a final 20 μL extraction, following the manufacturer´s protocol. The concentration and purity of V. cholerae DNA were measured using a Qubit 2.0 spectrophotometer (Thermofisher, USA). The qPCR was performed on a 7500 Fast PCR System (Applied Bio systems, USA) with primers targeting the ctxA, gene, lolB gene and the selected gene from RNA-seq differential expression analysis of V. cholerae, as performed for the RT-Real Time PCR validation analysis. The DNA copies recorded in this study were computed from a standard curve of 5 points generated from the dilutions of a known DNA sample of V. cholerae and a positive/negative controls. Primers, probe sequences and conditions for the qPCR technique are shown in (Table 1) .
RESULTS AND DISCUSSION
Induction of the VBNC state
The relationship between the decrease shown in cell viability and the loss of culturability was studied in three different starting bacterial cultures. Three different patterns of decay of culturability were observed depending on the metabolic state of bacteria from which the induction was started.
After 10 days, the number of culturable cells decreased to undetectable levels when using bacterial suspensions from the mid-exponential phase (< 0.1 CFU mL-1). However, when using LIVE/DEAD BacLight kit on the same bacterial suspensions, the assay showed percentages of viability over 80 for the three induction conditions after V. cholerae strains completely lost their culturability. Mid-exponential phase cells were found to enter the non-culturable state faster than stationary-phase cells, as other authors have reported (Wu, Liang and Kan 2016) . (Fig. 1) shows the results of the loss of viability by means of the three conditions inducing the VBNC state (complete loss is marked with a cross).
The bacterial suspension supplemented with c-di-GMP lost its ability to grow in the culture media to less than 1 cell mL −1 after 6 days in ASW at 4
• C. This induction period was markedly faster than the induced VBNC state from the stationary phase where culturable cells dropped to less than one cell mL −1 in 30 days (p < 0.05). Several different classes of molecules bind c-di-GMP, and this binding modulates a variety of downstream processes principally related to flagellar motility and biofilm formation, among others (Mills et al. 2011) . In this research, the c-di-GMP reduced the induction time into the VBNC state by half. It has been reported that when forming a biofilm, V. cholerae might enter a VBNC state (Tamayo, Patimalla and Camilli 2010; Trevors 2011 ). However, biofilms are a complex population of cells with a mixture of metabolic states that exist due to stochastic variations (Cangelosi and Meschke 2014) .
As the cultivation time advanced, a suspension of culturable cells subjected to a stress condition would become either dead, injured or entered into the VBNC state. Confirmation of possible revival of injured bacterial samples was performed following the three different induction conditions that were tested, TSA media supplemented with sodium pyruvate (H 2 O 2 degrading compound) was used as described by Pinto, Santos and Chambel (2013) . However, within the three VBNC state induction conditions tested, the revival of bacteria was not detected.
Moreover, the entry into the VBNC state was also verified by resuscitation with nutrient broth and three different salinity concentrations (1%, 3% and 6% NaCl) at 37
• C. Only bacterial samples that were grown with 6% of NaCl recovered culturability within 24-72 h of culture. Vibrio cholerae salinity requirements have been reported in the range of 0.1%-1% (Takemura, Chien and Polz 2014), however, in our experiment the bacteria were induced into the VBNC state in artificial sea water with a NaCl content of 28.1 g/L. Bacterial samples grew in this medium for up to 30 days, therefore, it is possible that these bacteria may have acquired resistance to high concentrations of NaCl and, hence, could only be resuscitated in the medium with highest concentration of NaCl. This fact does not imply that these conditions are optimal for growth, but rather that under this condition the bacterial samples regained viability. These results demonstrate that at least a part of the V. cholerae population enter into the VBNC state under our reported induction conditions.
Ion Proton high-throughput transcriptome sequencing
Differential expression analysis
We performed high-throughput RNA sequencing of RNA samples isolated from three biological replicates of the two different VBNC state induction methods. A total of 9% to 24% of the total reads were usable reads and were mapped to the V. cholerae genome. This number of reads is as expected, for it has been reported that ribosomal RNA comprises 80% to 95% of bacterial transcriptomes, from total RNA before cDNA library construction (Giannoukos et al. 2012) .
Data between biological replicates for each of the induction conditions were well correlated (R 2 of fragments/ORF = 0.99).
The ability to reliably identify DEG by RNA-Seq is affected by a variety of factors, aside from total sequencing depth, that can vary significantly from one experiment to another. The inclusion of more biological replicates in an experiment related to the comparison of gene expression among growth conditions provides additional biological insights and/or statistical confidence (Haas et al. 2012) . The NOIseq R-package was used to analyze the DEG within the experiment and the log2FC values were used as the parameter to discriminate between the up-regulated genes. The results of the differential expression analysis showed 17 significantly up-regulated genes and 67 down-regulated genes when induction to the VBNC state was carried out with ASW at 4
• C. When c-di-GMP was added, 22 significantly up-regulated genes and 29 down-regulated genes were obtained when compared with the control replicates, the complete list of the up-regulated genes is provided in the supplemental data. In (Figs. 2 and 3 ) the comparison between the number of reads detected from both bacterial samples induced by two conditions and the log2FC values are shown. The Log2FC values ranged from 0.5 to 7 along the bacterial samples induced; however, with the addition of the second messenger c-di-GMP, most of the log2FC values were higher than 2, and one gene that was coding a hypothetical protein showed a log2FC value of 7.1. The gene related to the production of the flagellin protein was the only repeated gene for both conditions tested to induce the VBNC state. This indicates that the addition of the c-di-GMP second messenger activates a bigger response with a higher number of genes being up-regulated.
The results from differential expression analysis of the VBNC bacterial sample induced by ASW at 4
• C were chosen to select a gene with the highest log2FC value that was the VCA0656 gene (Log2FC = 5.1). This gene is related to the production of aminoimidazole riboside kinase, a protein that takes part in the amino sugar and nucleotide sugar metabolism in V. cholerae. When compared with a control expression region, higher log2FC values describe an expression ratio where the number of reads mapped for the evaluated region are higher (Schurch et al. 2016) . 
Detection of the VBNC state by RT-Real Time PCR
To validate the selected region of V. cholera, we performed the RT-Real Time PCR analysis for the expression of the VCA0656 gene as a marker of the VBNC state. The primers targeting the selected region were designed based on a TaqMan assay. The primer sets and probe for amplification of the selected gene (GenBank ID 2612581) was designed using GenScript design tool. The analysis by Basic Local Aligment Search Tool (BLAST) (Query ID, NP 233045.1) of this sequence showed 100% similarity with V. cholerae O1 biovar El Tor str. N16961. The primers targeting the VCA0656 gene are specific for V. cholerae and can be used to detect the bacteria by qPCR in natural water samples in the presence of other organisms. The designed primers were compared with another two sequences to differentiate between RNA expression by RT-Real Time PCR. The results indicate that the expression of VCA0656 gene showed the higher expression when the VBNC state was achieved. (Fig. 4) shows that the RNA expression differs between the three primers used during the experiment. The designed primers showed significant differences from day 30, and it increased along with the induction time. By day 37 higher differences were shown, making the primers for VCA0656 gene ideal for detecting the VBNC state. The qPCR technique efficiency, based on the slope (m = -3.346) of the standard curve reached 99%, and the cycle threshold value obtained ranged from 15.9-32.38.
The results of the qPCR-PMA experiment are shown in (Fig. 5 ) and no significant differences among the induction time are observed. The total count of bacterial units dropped in the first 10 days but remained constant using the three sets of primers. This is mainly related to the persistence of viable bacteria in water samples regardless of their metabolic states. This result indicates that qPCR-PMA and other techniques based on DNA are not precise for detecting the VBNC state in bacteria. Moreover, as observed in (Fig. 5) , the DNA counts are higher than the RNA expression showed in (Fig. 4) , which was expected because the DNA amount in a cell is much higher than the expression of a single gene, and it also depends on the metabolic state in which the analysis is performed.
NGS technologies have brought many advantageous applications that can be used in a broad spectrum of fields. The analysis of the DEG by RNA-seq when comparing different metabolic states is a powerful technique to quantify RNA expression and thus to detect a particular metabolic state.
These results demonstrate that it is possible to set up a methodology to detect VBNC state of V. cholerae in water samples using RT-Real Time PCR. This is a well-known technique that is sensitive enough to detect gene expression, at the same time that it has the advantage of detecting, in a single step, the viability of V. cholerae in water samples. In addition, when it is combined with the results from the RNA-Seq it allows to differentiate between different metabolic states of bacterial samples. The RT-Real Time PCR specifically designed for the identification of V. cholerae in the VBCN state can be useful for the detection of waters bodies contaminated by this bacterium. Nevertheless, it is important to adjust this technique in accordance to the relation between the quantity of bacteria and the gene expression, to be able to render quantitative, aside from the aforementioned qualitative results.
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